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ABSTRACT
Oxygen equilibrium properties of coelomic cell hemoglobin in 
the polychaete Glycera dibranchiata were studied in intact organisms 
and in buffered suspensions of the coelomic cells at various PC^'s.
Measurements of the gas content of coelomic fluid from whole 
animals kept under a range of oxygen conditions reveal an extremely 
high ,,P5 o11. This low lfoxygen affinity1' suggests that the coelomic 
; hemoglobin functions in oxygen transport at intermediate and high 
external PO2 1 s . These measurements also show that coelomic fluid 
.from animals exposed to very low oxygen conditions still contains 
significant amounts of oxygen, thus suggesting a possible storage 
function for the pigment under low external PC^'s.
The oxygen equilibrium properties of the buffered cell 
suspensions were measured at pH 6.8 and the mammalian blood pH 7.4, 
for comparison with previous studies on hemoglobin in solution. 
Measurements were also made at pH 7.3 3 the value that actually occurs 
in G, dibranchiata acclimated to room temperature. The oxygen affinity 
(P5 0 ) and Hill constant (n) for hemoglobin in buffered coelomic cells 
do not differ significantly from the values previously reported for 
mixtures of light and heavy hemoglobin in solution. This indicates a 
lack of intracellular substances which alter oxygen affinity.
The results of this study suggest that the coelomic hemoglobin of 
Glycera dibranchiata functions in oxygen transport at intermediate 
and high PC^'s which the animal creates when its burrow is submerged, 
and as an oxygen storage compound during low tide and pauses in 
ventilation.
vii
OXYGEN -EQUILIBRIUM PROPERTIES OF COELOMIC HEMOGLOBIN 
IN THE POLYCHAETE GLYCERA DIBRANCHIATA
INTRODUCTION
The common Atlantic bloodworm, Glycera dibranchiata, 
lacks a vascular system and instead contains large quantities 
of hemoglobin within small nucleated corpuscles in coelomic 
fluid. Vascular pigments in annelids are generally believed 
to transport respiratory gases; the function of coelomic 
pigments, however, is almost unknown. An oxygen storage function 
at low tide has been postulated (Redfield & Florkin, 1931) for 
coelomic hemoglobin in the echiuroid worm Urechis caupot However 
the occurrence of circulation by ci liary currents and body wall 
contractions suggests an oxygen transport function as well 
(Manwell, 1960). Jones (1954) concluded from oxygen equilibrium 
studies that coelomic hemoglobin is a transport substance at high 
PO2 levels in nephthyd polychaetes. On the basis of oxygenation 
properties of hemoglobin solutions, Hoffman & Mangum (1970) 
suggested that the coelomic hemoglobin of Glycera dibranchiata 
functions in oxygen transport at intermediate and high PO2 
which the animal actively creates so long as its burrow is 
submerged, and as an oxygen storage compound during pauses in its 
rhythmic pattern of ventilation as well as at low tide*
From a physiological point of view, oxygen equilibrium data 
should come from studies of coelomic cells rather than solutions.
Significant differences in the oxygen equilibrium of hemoglobins 
inside and outside red blood cells have been reported by Root, 
Irving, & Black (1939) in marine fish, Manwell (1958) in 
hagfish, Drake, Gill, Downing & Malone (1963) with beef blood, 
Christensen & Dill (1935) with bird blood, and Allen, Wyman &
Smith (1953) in adult human hemoglobin. The recent discoveries 
by Benesch & Benesch (1969) of intracellular organic polyphosphates 
which mediate the combination with oxygen and alter the oxygen
affinity of human hemoglobin emphasize the importance of studying
\
intact erythrocytes.
Hoffman & Mangum (1970) studied the function of Glycera 
dibranchiata coelomic cell hemoglobin in solution. The present 
study is an investigation of the oxygen equilibrium properties - 
of coelomic cells in Glycera dibranchiata, and also of the fluid 
oxygen content of whole animals at different external oxygen 
levels.
MATERIALS AND METHODS
Animals were shipped from the Maine Bait Company, Newcastle, 
Maine, or purchased from a bait store in moist packing. They 
were kept in aquaria \-7ith constant aeration and filtration, and 
with no sand on the bottom. The aquaria contained either filtered 
seawater from the York River (19 - 22 °/oo salinity), or running 
seawater at Woods Hole, Massachusetts (31 - 32 °/oo salinity).
All animals were kept in the laboratory at least 72 hours prior 
to use.
Oxygen content of coelomic fluid - intact organisms
Total air concentration in coelomic fluid was measured in 
worms kept under a range of oxygen conditions, using a method 
adapted from Scholander et a U  (1955) and Roughton and Scholander 
(1943).
Ten worms were placed individually in ten 1 liter vessels of 
seawater which had been bubbled with nitrogen gas and stoppered 
without trapping air bubbles. A Yellow Springs Instrument Co.
Model 54 oxygen meter was used at the beginning and end of the 
exposure period to measure oxygen concentration of the seawater.
The meter indicated an initial oxygen concentration of 0.22 ppm 
(- 0.15 ml/1 or 2,19% air saturation) at 22 °/00 salinity and 
21°C. After 24 hours exposure in the dark the oxygen concentration
4
was still 0.22 ppm. A second group of 13 worms was similarly 
kept in individual 1 liter vessels with an initial oxygen 
concentration of 1.77 ppm £1.24 ml/1) at 22 °/00 salinity and 
23°C. After 12 hours of dark exposure at this 247a air saturation, 
the oxygen concentration was unchanged. A third group of 10 worms 
was kept in individual 1 liter vessels with an initial oxygen 
concentration of 3.81 ppm £2.67 ml/1) at 22 °/oo salinity and 
22°C. After 12 hours of dark exposure (497. air saturation) the 
oxygen concentration was the same. A fourth group of 12 worms 
was also kept in individual 1 liter vessels, their initial oxygen 
concentration 6.35 ppm ( = 4.44 ml/1) at 22 °/oo salinity and 
22°C. After 12 hours of dark exposure (827. air saturation) the 
oxygen concentration had not changed. The final group of 4 worms 
was kept in individual 1 liter vessels continuously flushed with 
air for 12 hours. The initial and final oxygen concentration 
was 7.37 ppm (= 5.16 ml/1) at 22 °/0o salinity and 23 °C (98% 
air saturation).
A 0.2 ml sample of coelomic fluid was obtained from each worm 
by opening the blotted anterior body wall under paraffin oil 
and drawing the coelomic fluid directly into the Scholander 
extractor syringe. The extractor syringe had previously been 
rinsed with fresh potassium ferricyanide solution. Thus a drop 
of 1-octanol was first drawn into the syringe, followed by 0.2 ml
of potassium ferricyanide, then the 0 . 2 ml coelomic fluid sample, 
a second drop of 1-octanol, and finally acetate buffer to the 
0.6 ml mark (Roughton & Scholander, 1943). The urea solution 
was omitted due to low protein concentration in coelomic fluid.
The extractor was stoppered and shaken until no more gas evolved, 
and the procedure continued according to Scholander et al. (1955).
Two test analyses of aerated seawater (22 °/00, 22°C) gave 
oxygen concentration measurements of 4.54 and 5.40 ml/1, similar 
to values previously reported (Hoffman & Mangum, 1970).
Total oxygen content of coelomic fluid was plotted against 
external ox7/gen partial pressures. The results were also 
analyzed in terms of the Hill equation and a log-log Hill plot 
constructed from the data.
Oxygen equilibrium curves - buffered suspensions of coelomic cells
Coelomic cells were removed from the animals through an 
incision in the anterior body wall. The coelomic fluid was 
centrifuged, the gametes and fluid portion removed and the 
remaining coelomic cells washed with seawater (32 °/0 o)* Homarus 
Ringers solution with borate buffer (Cavanaugh, 1964) was added 
to the 10 ml mark at pH 6 .8 , 7.1, 7.3, and 7.4. PH 6. 8 and 7.4 
were used for comparison with earlier data on G. dibranchiata 
hemoglobin solutions (Hoffman & Mangum, 1970); pH 7.3 is the value 
that actually occurs in Glycera dibranchiata acclimated to 22 - 23°C 
(Mangum & Shick, 1972). Phosphate buffer was used in earlier
7Studies of the hemoglobin in solution. Phosphate buffer, however, 
precipitates the calcium in seawater, and the Homarus. Ringers with 
borate buffer (0.5 M NaOH, 0.5 M H3BO3 ) was therefore used in 
this study of intact cells.
Ten ml of buffered coelomic cell suspension was placed in a 
625 ml bulb tonometer rotating in a water bath (21°C). Absorption 
bands were observed with a Hartridge Reversion Spectroscope to 
confirm the absence of methemoglobin formation at 630 m^. The 
tonometer, which has a test tube glass blown to it, was also placed 
in a Bausch & Lomb Spectronic 20 colorimeter, covered with a dark 
cloth, and the absorbance of the cell suspension noted at 568 m^, 
the maximum for deoxyhemoglobin and the minimum in that region for 
oxygemoglobin. This reading was constant for about 4 - 5 minutes, 
indicating that the settling time for the cells is considerably 
longer than the 1 minute necessary for completion of the reading.
The tonometer was then attached to a vacuum and evacuated for two
minutes while rotating. The evacuation was repeated after ten
minutes. Next nitrogen was introduced through a serum stopper for
two minutes or until the tonometer assembly was filled. At the
end of this period the stopcock was quickly opened and closed to release
excess pressure within the tonometer. The tonometer was rotated
with the solution in the bulb for three minutes, the solution
then run down into the test tube and the tube placed in a
colorimeter for measurement. The tonometer was again rotated for
several more minutes and another measurement recorded. This 
procedure was repeated until two successive colorimeter readings 
were the same. The tonometer was reevacuated and refilled with nitrogen 
for a second and third time, the above procedure being repeated in each 
case.
At each pH (6 .8 , 7.1, 7.3, and 7.4) measurements were made of 
the oxygen content of the coelomic cell suspension equilibrated to 
a range of tonometer PO2 levels: 0 mm Hg (=0% air saturation in
tonometer), 2.44 mm Hg ( - 1.53%. air saturation), 7.30 mm Hg 
( = 4.6% air saturation), 17.10 mm Hg ( = 10.8% air saturation),
26.80 mm Hg ( = 16.9% air saturation), and 159 mm Hg ( = 100% 
air saturation). After a measurement at zero oxygen tension, a 
Glenco gas syringe with 2 ml of water saturated air was injected 
through a serum stopper into the tonometer to yield a PO2 = 2.44 mm Hg. 
The suspension was rotated for five minutes, a colorimeter measurement 
taken, and equilibration continued in the water bath for one hour.
Since at this time the colorimeter reading was always the same, a 0.2 ml 
sample of coelomic cell suspension was removed with a syringe tip 
fitted to the Scholander extractor syringe, and the oxygen content of 
the cell suspension measured as described above. This procedure was 
repeated with an additional 4 ml air, 8 ml air, another 8 ml air, and 
finally after opening the tonometer to room air. Ten complete sets of 
measurements were made at pH 7.4, five at pH 6 .8 , three at pH 7.1, and 
two at pH 7.3. The pH of the buffer in each suspension was unchanged 
at the completion of the measurements for each 10 ml sample.
■ 00
9The results were analyzed in terms of the Hill equation. A log-log 
regression line was constructed for each measurement at a particular 
pH as well as for the pooled data from all measurements at a particular 
pH. Unless specified otherwise, the criterion for significance of 
differences between values is P = 0.05.
RESULTS
'Oxygen content of coelomic fluid in intact organisms
The total oxygen content of coelomic fluid taken from animals 
at different external oxygen levels is shown in Fig. 1; a Hill 
plot of these data is shown in Fig. 2. The oxygen content of coelomic 
fluid from four worms kept under air saturated conditions (5.16 ml 
O2 /I) is 3'. 105 + 0.095 (S.E.) ml 0 2 /100 ml fluid. This value is 
significantly lower than the oxygen carrying capacity predicted from 
hemoglobin concentration (Hoffmann & Mangum, 1970). It is also 
significantly lower than the measured oxygen capicity of coelomic 
fluid equilibrated to room air for one hour in the course of this 
experiment (4.074 + 0.222 (S.E.) ml ml fluid).
The total oxygen content of coelomic fluid from the twelve worms 
kept at 827o air saturation is 1.105 + 0.102 (S.E.) ml O 2 /IOO ml fluid.
At 49% air saturation, the oxygen content of the coelomic fluid for ten 
worms is 0.262 + 0.048 (S.E.) ml O2 /IOO ml fluid. At 247, air saturation
<x
the oxygen content for thirteen worms is 0.196 + 0.023 (S.E.) ml O2 /IOO ml 
fluid. Coelomic fluid taken from ten animals equilibrated to very low 
oxygen conditions (2 .8%.air saturation) still contains detectable amounts 
of oxygen, 0.098 + 0.012 (S.E.) ml O2 /IOO ml fluid. These values are 
significantly higher than zero.
10
Fig. 1. Total oxygen content of coelomic fluid withdrawn from 
worms equilibrated to various external oxygen partial 
pressures.
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The Hill plot in Fig. 2 does not give a straight line, which 
indicates a heterogeneous curve. The plot, however, is useful for 
comparison with data on the pigment in solution. Fig. 2 indicates 
an extremely high half oxygen saturation level, 140 mm Hg, and thus 
a low "oxygen affinity" for hemoglobin in intact animals.
Fig. 1 and 2 both indicate a highly sigmoid curve (n « 5.151). 
Oxygen equilibrium curves for buffered suspensions of coelomic cells.
The oxygen equilibria of buffered suspensions of coelomic cells 
at various pH values are given in Table 1 and Fig. 3. The regression 
lines for each measurement at a single pH are hemogenous and do not 
differ significantly (P = 0.05) from one another. Therefore, the data 
for a particular pH were pooled and a single regression line used to 
describe them. The Hill plot in Fig. 3 indicates a straight regression 
line at each of the four pH values.
Coefficients of determination (r^) are quite high for each of the 
four pH levels, indicating a high degree of correlation and a close 
fit of all points to the regression lines. As a result the Hill 
constant (n) is best estimated by b of the regression equation. The 
b values for each of the four pH levels do not differ significantly, 
and thus suggest four extremely hyperbolic oxygenation curves since they 
also do not differ from 1.0. In addition, no significant differences 
are seen in the positions of the curves, as indicated by the overlap 
of confidence limits for the P^q values from the Hill equation and log 
a values from the regression equation.
TABLE 1 - REGRESSION ANALYSIS OF OXYGEN EQUILIBRIUM DATA FOR BUFFERED 
SUSPENSIONS OF COELOMIC HEMOGLOBIN IN G. DIBRANCHIATA
CO•vOWOJ pH 7.1 pH 7.3. pH 7.4
Log a -0.779 -0.764 -0 . 6 8 6 -0.665
Li
-2 .369 -2.266 -2.062 . -1.992
l 2 -0 *444 -0.510 -0.443 -0.444
I 0.806 0.817 0.825 0.831
L^ 0.351 0.400 0.432 0.452
L 2
1.262 1.235 1.218 1.209 _
P50
8 . 0 0 7.50 6 . 0 0 9.50
L i
4.40 3.60 2.50 6.00
L 2
15.00 16.00 16.00 15.00
r2 0.858 0.881 0.895 0.903
N 30 18 12 60
L^ and L2 are the 95 per cent confidence limits
Fig. 3. Regression lines describing oxygen equilibria for 
buffered suspensions of coelomic cells in Glycera 
dibranchiata. Y = per cent saturation with oxygen. 
Shaded areas are 95% confidence belts.
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DISCUSSION
Hangum (1970), Seamonds (1970), and Vinogradov (1970), have 
recently discovered that the coelomic cells in Glycera dibranchiata 
contain two hemoglobins separable by gel filtration and 
electrophoresis: a monomer with a molecular weight of 17,000
to 18,000, and a heavier polymer of controversial size. Mangum 
(1970) and Seamonds (1971) propose a heavy polymer of 95-120 x 10^ 
molecular weight; Vinogradov (1970), on the other hand, proposes 
a dimer. At any rate, the existence of heterogeneous hemoglobins 
in these cells is not disputed. The total amount of coelomic 
hemoglobins found circulating in the animals is large, 3.5 g/100 ml, 
and this high concentration would seem to suggest a role of 
considerable importance to the animal.
The oxygen equilibrium properties of our buffered cell 
suspensions were measured at pH 6.8 and the mammalian blood 
pH 7.4. PH 7.3 which actually occurs in the animal was also 
used, but no appreciable Bohr effect was found between these 
values. The hemoglobin in solution (Hoffman 6c Mangum, 1970) 
showed an appreciable Bohr effect between pH 7.4 and 6. 8 for 
the light fraction. No Bohr effect, however, was found between 
pH values for the heavy fraction.
16
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-The oxygen affinity (P5 0 ) f°r the combined fractions in 
-solution does not differ significantly from the oxygen affinity 
of the hemoglobins in our buffered cell suspensions at any of 
the four experimental pH's. Both the oxygen affinity (P5 0 ) and 
the Hill constant (n) of the two components measured separately, 
however, differ significantly from those values measured for 
hemoglobins in buffered coelomic cell suspensions. Hoffmann and 
Mangum (1970) noted that the oxygen affinity (Pg) ) for a mixture 
of these two fractions in solution is not intermediate but is 
lower than,, that of either component. This seems anomalous but 
has recently been confirmed by Seamonds (1972). The "oxygen affinity’,' 
of the hemoglobin-containing coelomic fluid extracted from intact 
animals also differs significantly from these P^q values (Hoffmann 
& Mangum, 1970) for the hemoglobin in solution.
As already pointed out, the oxygen content of the coelomic 
fluid of worms kept under air saturated conditions is lower than 
the oxygen capacity predicted for aerated blood (Hoffmann & Mangum, 
1970). It appears, therefore, that the hemoglobin is never fully 
oxygenated in vivo. This result indicates a probable transport 
function for the pigment under high oxygen conditions, and that the 
decrement is due to mixing of fully oxygenated fluid emerging from the 
thin walled branchiae with less oxygenated fluid circulating proximal 
to respiring tissue.
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The Hill plot of oxygenation data for coelomic fluid in 
intact organisms also reveals an extremely high P5 0 > or a low 
oxygen affinity. Again the curve indicates that the coelomic 
hemoglobin apparently functions in oxygen transport at intermediate 
and high PO2 ’s .
' But the same data show that coelomic fluid from animals 
exposed to very low oxygen conditions still contains significant 
amounts of oxygen. This result can perhaps be explained by 
the inhibitory effects of low oxygen on circulation and oxygen 
consumption in G. dibranchiata, as described by Hoffman and Mangum 
(1970). The animal switches off both aerobic metabolism and 
coelomic fluid circulation under these conditions.
The critical low levels of environmental PO2 at which aerobic 
metabo lism and circulation cease may coincide with those low levels 
at which the PO^ gradient across the site of gas exchange with the environment 
becomes zero. Recent measurements (Mangum, unpublished) indicate that 
while the magnitude of the PO2 gradient across the site of gas exchange 
with the environment is quite large at high environmental PO2 ' the 
gradient is very small at environmental oxygen levels of 46% air 
saturation (71.30 mm Hg). It therefore seems unlikely that coelomic 
hemoglobin functions in oxygen transport under low oxygen conditions 
where no gradient exists.
In order to investigate the extent of pigment function at 
low P(>2 levels j Hoffmann and Mangum (1970) exposed G. dibranchiata 
to low concentrations of carbon monoxide and measured its oxygen 
consumption with blocked and unblocked hemoglobin. At 20°C it 
was found that the blocked hemoglobin depresses oxygen consumption 
by 157> at all PC^’s. At 10°C, however it was found that blocked 
hemoglobin depresses oxygen consumption by 157o only at intermediate 
and high PO£ levels. At low external PC^'s there is no significant 
depression and therefore no apparent participation by the coelomic 
hemoglobin-in oxygen transport. Thus the animal rapidly depletes its 
tidal pool of oxygen and the external PO2 rapidly declines. Fig. 1 
indicates that at these lower external PO2 levels. the coelomic 
hemoglobin does not release its total oxygen store again no 
apparent participation in transport. It is only at the very lowest 
external PC>2 level that the pigment is again seen to release its 
oxygen store (Fig. 1). This storeage of oxygen at lower external 
PC>2 levels may account for the fact that in blood worms internal 
PC>2 decreases at a slower rate than external PC^, and that the PO2 
gradient across the site of gas exchange therefore becomes very small 
at these lower environmental oxygen concentrations.
This intertidal marine annelid is normally exposed to low 
oxygen conditions at two times, during pauses in its spontaneous 
rhythmic activity pattern and also when no ventilation takes 
place during low tide. It is probable that the animal utilizes 
oxygen by coelomic cell hemoglobin during these periods. Most earlier
20
Studies on oxygen storage function applied oxygen consumption rates from 
active animals at high PO2 * s (Manwell, 1960). These methods, as Mangum 
(1970) has recently pointed out, would greatly underestimate the total 
period of aerobic respiration in oxyconformers such as G. dibranchiata 
-- which are inactive under conditions of a continually decreasing 
oxygen supply and a therefore continually decreasing oxygen consumption 
rate. Thus Fig. 1 shows total oxygen content to decrease at an 
increasingly lower rate under lower external PO2 levels. The oxygen 
- content of the,coelomic fluid appears to almost level off at external 
PC>2 * s below 70 mm Hg, or that oxygen level at which 'the PO^ 1 s gradient 
across the site of gas exchange with the environment is very small.
Another annelid which must survive low oxygen conditions during 
periods of low tide is Arenicola marina, studied by Eliassen (1955) 
in the Danish Waddensea. A. marina, like G. dibranchiata, contains 
large quantities of circulating hemoglobin, although it occurs in a 
conventional closed circulatory system, in A. marina, however,
Eliassen (1955) found the oxygenation of the pigment to remain 
unchanged and highly saturated at all times -- during low tide 
as well as during high tide. This great difference between the 
two intertidal annelids is explained, of course by the lower P50, 
and hence higher oxygen affinity, of the A. marina hemoglobin.
In Eliassen1s study (1955), the oxygen tension of the burrow water 
never fell below that tension at which A. marina hemoglobin is 100% 
saturated with oxygen. With G. dibranchiata hemoglobin and 
its higher P50 value, this is probably not the case.
Eliassen (1955) further estimated oxygen storage function 
using metabolism measurements of A. marina under low oxygen conditions. 
Unlike G . dibranchiata, however, the metabolism/oxygen consumption in 
A . marina was found to be the same under low oxygen conditions as it 
is under high, and thus the maximum oxygen storage capacity would persist 
only seven minutes. Eliassen therefore argued that not only should the 
pigment never be needed as an oxygen store, but also that for A. marina 
such a function does not in fact exist.
In conclusion, it is suggested that coelomic cell hemoglobin 
in Glycera^dibranchiata has a transport function at intermediate 
and high PC>2 levels, and a storage function at low PO2 levels.
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